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KCrF3 represents another prototypical orbital-ordered perovskite, where Cr2+ possesses the same electronic
configuration of 3d4 as that of strongly Jahn-Teller distorted Mn3+ in many CMR manganites. The crystal and
magnetic structures of KCrF3 compound are investigated by using polarized and unpolarized neutron powder
diffraction methods. The results show that the KCrF3 compound crystallizes in tetragonal structure at room
temperature and undergoes a monoclinic distortion with the decrease in temperature. The distortion of the crys-
tal structure indicates the presence of cooperative Jahn-Teller distortion which is driven by orbital ordering.
With decreasing temperature, four magnetic phase transitions are observed at 79.5, 45.8, 9.5, and 3.2 K, which
suggests a rich magnetic phase diagram. Below TN = 79.5 K, the Cr2+ moment orders in an incommensurate
antiferromagnetic arrangement, which can be defined by the magnetic propagation vector ( 12± δ , 12± δ , 0). The
incommensurate-commensurate magnetic transition occurs at 45.8 K and the magnetic propagation vector locks
into ( 12 , 12 , 0) with the Cr moment of 3.34(5) µB aligned ferromagnetically in (220) plane, but antiferromagneti-
cally along [110] direction. Below 9.5 K, the canted antiferromagnetic ordering and weak ferromagnetism arise
from the collinear antiferromagnetic structure, while the Dzyaloshinskii-Moriya interaction and tilted character
of the single-ion anisotropy might give rise to the complex magnetic behaviors below 9.5 K.
PACS numbers: 75.25.Dk, 75.25.-j, 75.50.Ee, 71.70.Ej
The strongly correlated electron systems such as 3d tran-
sition metal oxides have attracted considerable attention due
to their complex structural, electronic and magnetic charac-
teristics [1, 2]. The interactions between lattice, spin and or-
bital degrees of freedom are considered to play the essential
role in explaining some interesting physical properties [3].
For example, the colossal magnetoresistance (CMR) effect
was observed in hole-doped perovskite manganites such as
La1−xMxMnO3(M = Sr, Ca and Ba) [4–7]. While the undoped
parent compound LaMnO3 is known to be an A-type antifer-
romagnetic (AFM) insulator in which the orbital ordering is
formed due to the cooperative Jahn-Teller (JT) effect. The
electronic configuration of Mn3+ ions in LaMnO3 is t32ge
1
g by
using the Hund’s rule as a first approximation. The three elec-
trons in the t2g orbitals are localized with a total spin 3/2 while
the electron in the eg atomic orbitals is strongly hybridized
with the neighboring oxygen p obitals. This particular orbital
ordering is responsible for the A-type antiferromagnetic struc-
ture of LaMnO3 [8]. The mixed valence (Mn3+Mn4+) will be
formed with the hole doping on the eg band. It is believed that
the CMR effect is due to the double exchange of electrons
between ferromagnetically coupled Mn3+ and Mn4+ ions [4].
Therefore, the interplay and coupling between the lattice, or-
bital and spin degrees of freedom are interesting and deserve
to be investigated from both the fundamental and technical
point of view.
Besides the transition metal oxides, the transition metal flu-
orides also exhibit the intriguing electronic and magnetic ef-
fects. However, compared with the extensive study of oxides,
the study of fluorides is still lack due to the difficulty of syn-
thesis. KCrF3 is one kind of perovskite structure fluorides in
which the electronic and structural characteristics is expected
to resemble with those of widely studied LaMnO3 compounds
since the orbital degrees of freedom are activated for Cr2+ (d4)
cation. Recently, the crystal structure and magnetic proper-
ties of KCrF3 compound were investigated by synchrotron x-
ray powder diffraction and magnetic measurements [9]. Both
the structural and magnetic phase transitions seem to be more
complex than expected. The KCrF3 displays not only the large
cooperative Jahn-Teller distortions at room temperature but
also a series of temperature induced structural and magnetic
transformations. However, the detailed magnetic structure of
KCrF3 is still not studied systematically. To clarify the mag-
netic ordering is of important significance to understand the
interactions between the lattice, spin and orbital degrees of
freedom in KCrF3.
In this paper, we have studied both the cooperative Jahn-
Teller distortion and magnetic phase transition of KCrF3 by
using polarized and unpolarized neutron powder diffraction
(NPD) methods. We have observed series of magnetic phase
transitions including an incommensurate-commensurate mag-
netic phase transition. The magnetic phase diagram of KCrF3
is presented based on the magnetization, heat capacity and
NPD measurements between 2.5 and 300 K .
Polycrystalline KCrF3 sample was prepared by standard
solid state reaction method. The stoichiometeric powders of
KF and CrF2 were mixed, pressed into pellets and sealed in
an evacuated quartz tube, followed by sintering at 700 K for
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FIG. 1: (Color online) (a) Temperature dependence of the magneti-
zation of KCrF3 measured in zero-field-cooling mode under different
magnetic fields. In order to clearly show the change of magnetic fea-
tures, the unit is allocated only to magnetization curve measured with
applied field of 1 T, while the rest three curves ( with fields equal to
0.001, 0.01 and 0.1 T) are shifted upwards. The inset shows the
temperature vs. inverse susceptibility of KCrF3 measured at mag-
netic field of 0.1 T. (b) Temperature dependence of heat capacity of
KCrF3. Inset: dCP/dT emphasizes breaks in slope of CP(T) data.
24 h with one intermediate grinding. All the weighting, mix-
ing and pressing procedures were performed in a MBRAUN-
MB20G glove box with a protective argon atmosphere. The
laboratory x-ray diffraction measurement reveals that single
phase was obtained with small amount of Cr2O3 impurities
(∼ 2%). Temperature dependence of both magnetization and
specific heat were collected by using a Quantum Design Mag-
netic Properties Measurement System (MPMS) and a Physical
Properties Measurement System (MPMS), respectively, with
temperature down to 2 K. Neutron diffraction measurements
were performed on the high resolution diffractometer SPODI
and the diffuse neutron scattering spectrometer DNS at FRMII
(Munich, Germany). For the NPD measurement on SPODI, a
Ge(551) monochromator was used to produce a monochro-
matic neutron beam of wavelength 1.5481
◦
A. The polarized
analysis was performed on DNS with the polarized neutron
beam of wavelength 4.74
◦
A. The program FULLPROF [10]
was used for the Rietveld refinement of the crystal and the
magnetic structures of the compounds.
The temperature dependence of the magnetization of the
KCrF3 sample was measured under different magnetic fields
as shown in Fig. 1(a). Three phase transitions are clearly vis-
ible at 45.8 K (T1), 9.5 K (T2) and 3.2 K (T3). The similar
discontinuities in the M-T curve are also reported in previous
literatures [9, 11] and the anomaly at 45.8 K was considered as
the Neel temperature TN where the paramagnetic state devel-
ops from the antiferromagnetic phase with increasing temper-
ature. However, in present work the polarized neutron analy-
sis experiment indicated that the kink at 45.8 K corresponds
to a commensurate-incommensurate antiferromagnetic phase
transition and the system enters the paramagnetic state at a
higher temperature of 79.5 K, as discussed in the following
text. It is also noticed that the anomalies at 9.5 and 3.2 K are
not shown by applying higher magnetic field of 1 T which
is the signature of the field-induced magnetic phase transi-
tion. The inset of Fig. 1(a) shows the temperature depen-
dence of the inverse susceptibility 1/χ of the compound mea-
sured under magnetic field of 0.1 T. The susceptibility strictly
follows the Curie-Weiss behavior above 80 K. The effective
paramagnetic moment and Weiss temperature are deduced to
be 4.379(1) µB and -8.7(4) K, respectively. It is noticed that
a positive Weiss temperature (∼2.7 K) is given in Ref.[9]
based on the analysis of magnetic susceptibility χ which is
measured in an applied field of 1 T. It is known that Curie-
Weiss law is only valid with low applied field and too strong
field may affect considerably the susceptibility by changing
the weak electron coupling and leading to magnetic satura-
tion. Therefore, the different Weiss temperatures obtained for
KCrF3 are attributed to different measuring conditions and the
Weiss temperature deduced with lower field measurement re-
flects the antiferromagnetic background magnetism in KCrF3.
Fig. 1(b) shows the temperature dependence of the heat ca-
pacity result in which a clear phase transition is detected at
248 K. The crystal structure analysis given below reveals that
the kink at 248 K is associated with the monoclinic to tetrag-
onal crystal structural phase transition. Another phase tran-
sition at 79.5 K can be more clearly identified by examining
the dCP/dT plot as shown in the inset of Fig. 1(b). There-
fore, a series of phase transitions in KCrF3 are constructed by
magnetic and thermal characterizations, which suggest a rich
phase diagram of KCrF3.
The neutron powder diffraction pattern of KCrF3 at 300 K
is shown in Fig. 2(a). The compound crystallizes in the tetrag-
onal phase with space group I4/mcm. The lattice parameters
are deduced to be a = 6.0464(6) ◦A and c = 8.0230(8) ◦A, which
is in good agreement with that derived from synchrotron x-ray
powder diffraction [9]. The detailed structural information for
KCrF3, as obtained from NPD data, are given in Table I. The
crystal structure can be described as the stacking of layers of
corner-sharing CrF6 octahedra. In the ab plane the CrF6 oc-
tahedra are elongated along the a or b axis in an alternative
pattern. The structure distortion is caused by the orbital order
associated with the cooperative Jahn-Teller distortion, i.e. the
d3x2−r2 /d3y2−r2 orbitals are stabilized by the Jahn-Teller distor-
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FIG. 2: (Color online) (a) NPD refinement pattern for the KCrF3 at
300 K. The vertical bars at the bottom indicate the Bragg reflection
positions, and the lowest curve is the difference between the observed
and the calculated NPD patterns. Cr2O3 impurities are marked with
asterisks. The Inset (1) and (2) show the splitting of tetragonal (220)
peak and the onset of ( 12 12 0) magnetic reflection at low temperature,
respectively. (b) NPD refinement pattern for the KCrF3 at 10 K. Inset
shows the magnetic structure of KCrF3 at 10 K. Frames indicate the
crystallographic unit cells and the magnetic unit cell doubled along
both a and b directions.
tion and order in an alternate staggered pattern in the ab plane
as illustrated in Fig. 3(a). Similar to the MnO6 octahedral
distortion in LaMnO3 [12, 13], there also exist three Cr-F dis-
tances in KCrF3 named short Ls, medium Lm and long Ll. The
magnitude of the Jahn-Teller distortion of CrF6 can be eval-
uated by the following equation: ∆ = (1/6)∑[(dn-〈d〉)/〈d〉]2,
where 〈d〉 and dn are the mean Cr-F bond length and the six
Cr-O bond lengths along six different directions, respectively.
The calculated value of ∆ is 4.87×10−3 for KCrF3 at 300 K.
With decreasing temperature, the KCrF3 undergoes a mono-
clinic phase transition as revealed by the NPD pattern at 10
K. The inset(1) of Fig. 2(a) shows the obvious splitting of
the tetragonal (220) peak into the monoclinic (220) and (¯220)
peaks. Along with the monoclinic distortion, two inequiva-
lent Cr sites (2c and 2d) form with similar octahedral envi-
ronment. The Jahn-Teller distortion parameter was deduced
to be 5.66×10−3 and 3.85×10−3 for 2d and 2c CrF6 octahedra,
respectively. The alternated arrangement of CrF6 octahedra
within the ab plane also indicates the change in orbital order-
ing as illustrated in Fig. 3(b). However, it should be noted
that the change in magnetic order and the change in orbital or-
TABLE I: Refined results of the crystal and magnetic structures for
KCrF3 at 10 and 300 K. The atomic positions for space group I112/m:
K(4g)(0,0,z), Cr(1)(2c)(0,0.5,0), Cr(2)(2d)(0,0.5,0.5), F(1)(4i)(x,y,0),
F(2)(4i)(x,y,0), F(3)(4h)(0,0.5,z); for I4/mcm: K(4a)(0,0,0.25),
Cr(1)(4d)(0,0.5,0), F(1)(4b)(0,0.5,0.25), F(2)(8h)(x,y,0).
Temperature 10 K 300 K
Space group I112/m I4/mcm
a ( ◦A) 5.8069(7) 6.0464(6)
b ( ◦A) 5.8137(7) 6.0464(6)
c ( ◦A) 8.5871(7) 8.0230(8)
γ (◦) 93.671(5) 90
V ( ◦A3) 289.303(2) 293.312(2)
K
z 0.247(2) 0.25
B ( ◦A2) 1.3(2) 2.4(2)
Cr(1)
B ( ◦A2) 1.1(2) 1.8(1)
M(µB) 3.34(5)
Cr(2)
B ( ◦A2) 1.4(2)
M(µB) 3.34(5)
F(1)
x 0.291(2) 0
y 0.718(2) 0.5
B ( ◦A2) 1.6(2) 3.0(2)
F(2)
x 0.230(2) 0.231(2)
y 0.197(2) 0.731(2)
B ( ◦A2) 1.7(2) 2.6(2)
F(3)
z 0.230(2)
B ( ◦A2) 1.7(2)
Rp 2.76 2.70
Rwp 3.56 3.51
χ2 3.51 3.35
der took place at different temperatures, i.e. there is no direct
correlation between orbital ordering and magnetic ordering in
KCrF3. The correlation between magnetic ordering and or-
bital ordering are also investigated in LaMnO3 by Subı´as et al.
[14] with resonant x-ray scattering method, which can act as
a direct probe for orbital ordering. Their experimental results
also indicated that there is no correlation between resonant
scattering and long-range AFM ordering in LaMnO3.
Besides the crystal structural phase transition, the magnetic
phase transition is also observed at 10 K due to the order-
ing of the Cr2+ moments as revealed by the onset of mag-
netic reflection (inset(2) in Fig. 2(a)). The magnetic reflection
at Q = 0.7904 ◦A−1 can be indexed accurately with ( 12 12 0) in-
stead of (001) magnetic reflection [15] although the d values
of those two reflections are quite close. It strongly indicated
that the moments of Cr2+ formed antiferromagnetic structure
with ( 12 , 12 ,0) magnetic modulation. Also, the existence of con-
siderable intensity of ( 12 12 2) magnetic reflection indicates that
the Cr2+ moment tilts outward c axis. By performing refine-
4a
b
FIG. 3: (Color online) Schematic view of the orbital and spin order-
ing in the perovskite chromite KCrF3 of tetragonal (a) and mono-
clinic (b) phases. The grey line outlines the unit cell.
ment on the NPD data, we found that the magnetic structure
of KCrF3 can be described by the colinear antiferromagnetic
structure model, i.e. the KCrF3 system develops a long-range
antiferromagnetic order at 10 K with the Cr2+ spins coupled
ferromagnetically in the (220) plane and antiferromagneti-
cally along the [110] direction as shown in the inset of Fig.
2(b). The moment of Cr2+ at 10 K is deducted to be 3.34(5)
µB which is close to the theoretical value [16, 17]. Similar
to the A-type AFM in LaMnO3 [8, 18, 19], the layered AFM
structure of KCrF3 can also be considered as the consequence
of an interplay between superexchange and Jahn-Teller cou-
pling. According to the Goodenough-Kanamori-Anderson
(GKA) rules [20–24], the superexchange between magnetic
ions is mediated by the F ligand and the FM coupling is ex-
pected due to the superexchange interaction between the filled
eg and empty orbitals, while the AFM coupling is expected
due to the superexchange interaction between the unfilled or-
bitals. Our experimental results confirmed the picture of the
interactions between magnetic ordering and orbital ordering
given by the GKA rules. The schematic view of the orbital or-
dering and spin ordering in the unit cell of monoclinic KCrF3
is shown in Fig. 3(b).
In order to inspect the evolution of the magnetic ordering
and clarify magnetic structure of the KCrF3 system, neutron
polarization analysis was performed at DNS in the Q range
from 0.346 to 2.29
◦
A−1 and temperature range from 2.5 to
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FIG. 4: (Color online) (a) Evolution of the ( 12 12 0) magnetic reflec-
tion with the change of temperature. (b) Magnetic phase diagram of
KCrF3. The open circle and purple curve represent the temperature
dependences of integrated intensity of ( 12 12 0) magnetic reflection and
magnetization, respectively. The inset shows the enlarged view of
the slope of CP data.
100 K with smaller temperature steps. The nuclear coherent,
spin-incoherent and magnetic scattering cross sections can be
separated with the xyz-polarization method in the spin-flip and
non-spin-flip channels with polarized analysis[25]. At 9.8 K,
magnetic reflections are clearly seen and match with the pre-
sented AFM structure model. The evolution of the ( 12 12 0) mag-
netic reflection is plotted in Fig. 4(a) and the integrated in-
tensity of ( 12 12 0) magnetic reflection in Fig. 4(b) as the open
circles. Here we will discuss the magnetic structure below 10
K firstly. Compared to the ( 12 12 0) reflection at 9.8 K, no obvi-
ous change in integrated intensity was detected for the ( 12 12 0)
reflection at 4.0 and 2.5 K, which may suggest a slight canting
of the magnetic moment of Cr2+ ions outward the (220) ferro-
magnetic plane. It is known that canted AFM and weak FM
moment are observed in both noncrystalline and single crystal
LaMnO3 samples [26, 27]. The FM moment in LaMnO3 is
caused by the tilt of Mn3+ moments away from the AFM ab
plane resulting in a net magnetization along c axis [27, 28].
Considering the structural comparability between the KCrF3
and LaMnO3 systems, the increasing magnetization below
9.5 K in KCrF3 may arise due to the tilt of the Cr2+ mo-
ment out of the (220) plane. Both the Dzyaloshinskii-Moriya
(DM) exchange interaction and the character of the single-ion
anisotropy are necessary to give an explanation on that weak
ferromagnetism [27–30]. Therefore, the magnetic structure
below 9.5 K is associated with the mixed state of weak FM
and canted AFM configurations. The neutron diffraction anal-
ysis on KCrF3 single crystal is required to explore the exact
magnetic structure of KCrF3 below 10 K and to illustrate the
nature of phase transition at 3.2 K.
Now we discuss the magnetic structure above 10 K. As
shown in Fig. 4(a), the intensity of the ( 12 12 0) magnetic re-
flection decreases gradually with increasing temperature from
9.8 K, which suggests the decrease of amplitude of the Cr2+
moment. At 47.7 K, two satellite reflections are developed
instead of the single ( 12 12 0) reflection. It suggests that the tran-
sition at 45.8 K corresponds to the magnetic phase transition
5from simple collinear AFM phase to an incommensurate mag-
netic phase with the propagation vector ( 12± δ , 12± δ , 0). As an
example, the magnetic propagation wave vector q is deduced
to be ( 12±0.01, 12±0.01, 0) for KCrF3 at 47.7 K. However,
regarding to the propagation vector ( 12± δ , 12± δ , 0), there
exist several possible magnetic structural schemes including
the sinusoidal and helimagnetic solutions. Polarized neutron
experiments on the KCrF3 single crystals may shed light on
the nature of that incommensurate magnetic structure. Usu-
ally, the presence of modulated phases is the consequence of
the competing next nearest-neighbor exchange interaction and
anisotropy in the spin Hamiltonian [31, 32]. In the monoclinic
phase of KCrF3, the tilt of CrF6 octahedra lead to a nonzero
angle between the occupied eg orbital and the (220) plane. As
a result, the Cr-F-Cr superexchange angle deviates from 180o
and probably weakens the FM interactions between Cr2+ and
four nearest neighbor Cr2+ ions inside the (220) plane. The
next nearest-neighbor exchange may play a role to stabilize
the incommensurate AFM state. The paramagnetic state is es-
tablished when the sample is heated up to 82 K. The Neel tem-
perature TN (79.5 K) is clearly defined by the distinct anomaly
in the slope of the CP data as shown in the inset of Fig. 4b.
In summary, we have investigated the correlation among the
structural transition, orbital ordering and magnetic ordering in
perovskite chromite KCrF3. In this system, two different or-
bital ordering states are observed below and above the struc-
tural transition temperature. With decreasing temperature, the
incommensurate A-type AFM state emerges firstly due to the
ordering of the moment of Cr2+ and the commensurate AFM
order develops from the incommensurate AFM state at 45.8
K with a magnetic propagation vector change from ( 12± δ ,
1
2± δ , 0) to ( 12 , 12 , 0). The noncollinear canted magnetic struc-
ture and weak ferromagnetic structure might be the nature of
lower temperature phase zone. The rich magnetic phase dia-
gram with various commensurate and incommensurate phases
is ascribed to competing nearest-neighbor and next nearest-
neighbor exchange interactions, single ion anisotropy as well
as the DM interaction.
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